This study concerns the properties of the concentrated bittern solutions occurring as by-product from solar salt works, in relation to their potential use as liquid desiccants in cooling systems. Solutions of compositions similar to those of bitterns have been made up in the laboratory, as have concentrated mixtures of MgCl 2 -MgSO 4 -H 2 O. Measurements of vapour pressure have been carried out using an isoteniscope and are reported together with measurements of density and viscosity. Several theoretical models representing these properties are reviewed and compared against the experimental results; the average agreement between theory and experiment is within 5% for vapour pressure and better for the preferred models of the other two properties. Based on these findings, an expression is provided for the equilibrium relative humidity of bitterns as a function of concentration relative to raw seawater. The vapour pressures of bittern solutions are found to be similar to those of solutions containing only magnesium chloride but having the same mass fraction of total salts. Therefore magnesium chloride solution is a reasonable model for bitterns for the purpose of developing the proposed cooling system.
Introduction
The processes of desalination and salt production yield substantial quantities of reject brines and bitterns. Ahmed and co-authors have drawn attention to the possibility of exploiting these by-products for uses that add value to desalination, in preference to regarding them as waste [1, 2] . A potential example is to use hygroscopic solutions of sea salts, in particular magnesium chloride, as liquid desiccants in refrigeration systems. In a previous paper [3] we explored this possibility by comparing the properties of magnesium chloride to those of more conventional liquid desiccants, such as lithium chloride, lithium bromide, calcium chloride and tri-ethylene glycol. Though magnesium chloride is a somewhat weaker desiccant, it has the advantages of low cost, availability and low toxicity -properties which would be valuable in applications requiring large volumes of low-grade cooling [3] . One such example is the cooling of greenhouses for food production in hot and humid climates, such as the Gulf states, by means of systems driven by solar energy, as proposed in references [3] , [4] and [5] .
Magnesium chloride is abundant in seawater and is the main constituent of bitterns, the concentrated brine occurring in solar salt works. In these works, seawater is concentrated as it passes through a series of lagoons. Sodium chloride crystallises leaving the magnesium-rich solution, referred to as bitterns due to its bitter taste. Besides magnesium and chloride ions, however, bitterns contain significant impurities including sulphate, sodium, potassium and calcium ions.
The overall aim of the current work is to develop a practical greenhouse cooling system using bitterns. As a first step in this development it is important to have relations for the properties of the working solution. The earlier studies mentioned above concluded that bitterns could serve as useful desiccant, but this conclusion was tentative in that it was based on the published properties of pure magnesium chloride solutions; the effects of the impurities were not taken into account [3, 4] . The first objective of the work reported here is to determine more precisely the properties of concentrated seawater bitterns, specifically their vapour pressure (and therefore equilibrium relative humidity, ERH), density and viscosity, these being the properties of greatest interest in the design of a desiccant refrigeration system.
A second objective is to obtain theoretical models to predict these properties as a function of the composition, concentration and temperature. Such models would be needed as a tool in the design of any practical system.
While developing a prototype refrigeration system in the laboratory, it is sometimes convenient to obtain and use pure magnesium chloride reagent as opposed to the multi-component bitterns mixture. A third objective is therefore to quantify the difference between the properties of seawater bitterns and those of pure magnesium chloride solution, and therefore assess the validity of this experimental approach.
For a complex electrolyte solution such as bitterns, published data were not available and a number of competing theoretical models were identified, most of which were originally developed for more Desalination 250 (2010) 172-178 dilute solutions than those encountered here. Consequently an experimental study was needed.
It is noted that electrolyte solution theory is a well developed field and it is beyond the scope of this work to make any fundamental new contribution in this area. Instead the focus here is on finding results that will be practically useful in the context described above.
Theories of electrolyte solutions
The desired characteristics of the theoretical model are that it should be sufficiently accurate for engineering purposes and lead to concise and usable mathematical formulations. Further, an established theory is preferable to one that is entirely novel. Here we will briefly highlight the main features of the theories used in this study. For a more comprehensive review the reader is referred elsewhere [6] [7] [8] [9] .
Historically, research on modelling thermodynamic properties of electrolyte solutions has developed along two main lines as follows.
1) Fundamental electrolyte solution theories, as discussed thoroughly by Loehe and Donohue [7] . Generally these are too complex and do not lead to formulations that are convenient for the current purpose. 2) Engineering models of the empirical and semi-empirical kinds.
These can be sub-divided in different categories according to the underlying physical concepts: (i) local composition-based models [10] [11] [12] [13] , (ii) adsorption-theory models [14, 15] , (iii) speciationbased models for mixed-solvent electrolyte systems [16, 17] , and (iv) empirical and semi-empirical models based on various theories including the Debye-Hückel relation [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . In this study, we focus on the fourth of these options, as already adopted by El Gouendouzi et al., Ha and Chan and by Dinane and Mounir to predict water activity in electrolyte mixture solutions similar to seawater, but at lower concentrations or different compositions than in this study [28] [29] [30] [31] .
Vapour pressure and equilibrium relative humidity
In a desiccant refrigeration system, a property of prime importance is the equilibrium relative humidity (ERH) which compares the humidity of air in contact with the desiccant solution, to that of air in contact with pure water at the same temperature. By definition ERH must be in the range 0 < ERH ≤ 100%. The ERH depends directly on the vapour pressure P of the solution, and in turn on the chemical activity a w of the water in the solution, which is a fundamental thermodynamic property appearing in many of the standard theories available. In so far as the water vapour can be treated as an ideal gas, and assuming that the solute has zero vapour pressure, these quantities are related by the following expression:
where P 0 is the vapour pressure of pure water at the temperature of interest.
In total six models of vapour pressure were considered. Their principal features are outlined below. a) Pitzer's model [18] [19] [20] [21] [22] [23] [24] 32] which is an extension to the DebyeHückel theory. Starting from Bronsted's work [33] and improvements by Guggenheim [34] describing the properties of non-ideal gases, Pitzer extended the theory to electrolyte solutions while including the Debye-Hückel term to describe the long range forces (i.e. the electrostatic effects) in addition to the short-range forces of the earlier models. He refined this ion-interaction approach extending its applicability to mixed electrolyte solutions with ionic strength up to 6 m [18] . However, any modification of the model that has been made to date concerns specific electrolyte systems and there is no generalised form applicable to the majority of strong electrolytes and their mixtures for concentrations higher than 6 m. The mathematical formulation of Pitzer's model is complex and the reader is referred to references [18] and [20] for more details. Based on this model, Harvie and Weare developed a chemical model for predicting mineral solubilities in brines of the seawater system Na-K-Mg-Ca-Cl-SO 4 -H 2 O at high concentrations [35] . Later on Harvie et al. successfully extended this model to more complex systems [36] . Krumgalz investigated the application of Pitzer's model to natural hypersaline brines and specifically to the Dead Sea based on parameters published by others for similar systems [37] . In this study, we have used the parameterisation of Harvie et al. [36] , Harvie and Weare [35] , Pengsheng and Yan [38] and Long et al. [39] . b) The model of Zdanovskii-Stokes-Robinson (ZSR) [27, 30, 40, 41] . This is a simple empirical equation, first discovered by Zdanovskii empirically and later by Stokes and Robinson mathematically. The ZSR method can be described briefly by the following relationship: This model requires the expression of the molality of any single salt in the solution as a function of water activity. Ha and Chan [30] reported the coefficients of the polynomial fits for this function for MgCl 2 -H 2 O and MgSO 4 -H 2 O, as shown in Table 1 . In this study we additionally report in Table 1 the coefficients of polynomial fits to published experimental data for KCl-H 2 O, CaCl 2 -H 2 O, NaCl-H 2 O and LiCl-H 2 O from reference [26] . Note that since a w M is implicit in Eq. (2), an iterative numerical procedure is used to solve for a w M and thus find ERH on the basis of Eq (1). Ha and Chan used the ZSR method to model successfully the properties of solutions containing high concentrations of MgCl 2 and MgSO 4 , with application to inorganic aerosols [30] . c) The model of Kusik and Meissner (KM) [42] proposes the following equation for a multi-electrolyte solution containing cations k = 1, 3, 5,… and anions j =2, 4, 6,…
in which:
where a w M is the water activity in the multi-electrolyte solution, X k and Z j are the cationic and anionic strength fractions respectively, the a w S terms are the activities of water in various single-salt solutions at the total ionic strength I T of the multi-electrolyte solution, and ε is a residue term which is generally negligible. 
Where a wi S represents the water activities of single-salt solutions at the total molality m T of the multi-electrolyte solution, and m i is the molality of salt i in the multi-electrolyte solution. This model requires the water activities of single-salt solutions to be expressed as a function of molality. For this purpose polynomial fits to data in reference [26] have again been used. 
where ϕ M is the osmotic coefficient of the multi-electrolyte solution; υ i is the number of ions released by the complete dissociation of the electrolyte i; and ϕ i is osmotic coefficient of a single-salt solution having the same total ionic strength I T as the multi-electrolyte solution, calculated by means of polynomial fits to data in reference [26] .
f) The Reilly, Wood and Robinson (RWR) [25] model:
Simplifying the model by neglecting the solute-solute interactions (which require experimental data from ternary solutions that are not readily available) leads to the following relation:
Like the previous model, this model requires the osmotic coefficients of single-salt solutions to be expressed as a function of ionic strength; therefore the same data has been used. The expression that relates osmotic coefficient and water activity is as follows [6] :
Viscosity and density
These properties are of secondary but significant importance in a liquid-desiccant refrigeration system. For example, they will influence how much power is needed to pump the liquid and how the liquid will behave in a device such as a heat or mass exchanger. Hefter et al. [47] have reviewed the theories and models used for predicting viscosities in electrolyte mixtures. According to their study, Young's rule is suitable for predicting viscosity η M in concentrated multi-electrolyte solutions i.e.
where η i is the viscosity of a solution of the single salt i at the total ionic strength I T , calculated by means of polynomial fits to data in reference [48] , and I i is the ionic strength of each salt in the multielectrolyte solution.
Based on the linear isopiestic relation for multicomponent solutions, the density d M of a multi-electrolyte solution can be calculated by the following equation as presented by Hu [49] :
where d i represents the density of a single-salt solution at the total molality m T , and the term Y i is as defined by Hu [49] . The values of d i have been calculated using polynomial fits to data published in reference [48] . Tang et al. [30, 50] used the following additive rule for density:
where d i represents the density of a single-salt solution at the total mass fraction c T of the solution (based again on reference [48] ) and x i is the mass fraction of each salt per total mass of dry solute. Zaytsev and Aseyev [51] reported modified Ezrokhi equations for calculating density and viscosity in multi-electrolyte solutions based on data from single-salt solutions:
where d 0 is the density of pure water and G i are coefficients for each salt as shown in Table 2 ; and
where η M is the viscosity of the multi-electrolyte solution, η 0 is the viscosity of pure water, H i are the coefficients for each salt given in Table 2 , and c i is the mass fraction of each salt per mass of solution. In this work Eq. (14) was further modified as follows to extend its applicability to concentrated brines:
where c T is the total mass of solute per mass of solution. The values of K 1 , K 2 and K 3 are given in Table 3 .
Experimental equipment and methods
To verify the above models, solutions of sea salts were made up at concentrations varying from that of raw seawater to 37% by mass, following compositions reported from Mediterranean solar salt works [52] . Analar reagents of MgCl 2 , MgSO 4 , NaCl, KCl, CaCl 2 and LiCl were Table 2 Coefficients G and H in the Ezrokhi models for density and viscosity (Eqs. (13)- (15) added to deionised water in that sequence and stirred. Any salt residue remaining was removed by filtration. Samples were diluted 1000 times with analar water, before being sent to an accredited laboratory, where the compositions were determined using inductively coupled plasma mass spectrometry and photometry based on turbidimetric and colorimetric principles. These dilutions should be sufficient to avoid interference from complexes that form at high concentrations. These compositions are shown against the samples numbered 1 to 5 in Table 4 in moles per kg of solution.
The composition of bitterns is dominated by the MgCl 2 ·MgSO 4 · H 2 O system therefore further samples containing only these two salts were made up at nearly saturated concentrations as indicated by the phase diagram of Fig. 1 . The gravimetrically-determined compositions of these samples, numbered 6 to 10, are also shown in Table 4 .
The vapour pressures (needed to determine ERH) of the samples were measured using an isoteniscope arrangement following reference [53] and a manometer filled with dibutyl phthalate, which is a fluid having low surface tension and extremely low vapour pressure as explained in reference [54] . The brine samples were filtered and then introduced to the isoteniscope where they were degassed following reference [53] . A control experiment showed that the mass loss of the sample as a result of degassing was less than 1%. The error in measuring a w was ±0.02, based on the random error of reading the manometer scale (±1 mm) and the systematic error of the isoteniscope arrangement. The latter was estimated to be ±0.06 kPa from comparison of the measured vapour pressure of pure water at 25°C with published data [55] and from comparison of the measured vapour pressure of a pure MgCl 2 solution (4.5 m) with published data [26] .
The measurement of density was carried out according to reference [56] using a 50ml pyknometer flask and a constant temperature water bath with an accuracy of ±0.1°C. The viscosity measurements were based on reference [57] following the detailed procedure for U-tube viscometers for direct flow, using a BS/U viscometer and a constant temperature bath of ±0.1°C accuracy. All experiments were carried out at 25°C. Table 5 compares the measured values of a w to those predicted by the six theoretical models. The agreement of the models is, on average, within 5% of the experimental results. The difference in errors among the models is not sufficient to select any one as being more accurate than the others. However, the ZSR model is both accurate and simple in formulation and therefore adopted for further use in this study.
Results and discussion
Similarly, Tables 6 and 7 show the results for density and viscosity respectively. The most accurate models prove to be those based on Ezrokhi giving errors of 1.5% for density and 0.4% for viscosity.
Though the data and experimental verification reported here are for 25°C only, note that substantial data for the properties of MgCl 2 solution at temperatures up to 100°C are also available [48, 58, 59] . The lowest measured ERH among the brines investigated here was 34.6%, compared to the lowest reported value of 32.8% for pure saturated MgCl 2 solution at 25°C [60] . The maximum density and viscosity measured here were 1339 kg/m 3 and 13.2 mPa s respectively, compared to reported values for saturated MgCl 2 solution of 1330 kg/ m 3 and 12.8 mPa s [48] . These comparisons tend to confirm the similarity between bitterns and solutions of pure MgCl 2 .
In a practical refrigeration system, water will be continually added to and removed from the desiccant solution during the processes of dehumidification and regeneration. To replicate this situation, solutions were made up with the same relative salt concentrations as concentrated bitterns (based on the brine L4 in reference [52] ) but with varying amounts of water added, and the vapour pressure was measured. The results are plotted against mass fraction in Fig. 2 along with the corresponding curve for pure MgCl 2 solution as reported from the literature [26] . It can be seen that the difference between these two curves is small. The average relative error between the interpolated values of ERH of pure MgCl 2 (by a quadratic polynomial with correlation coefficient r 2 = 0.98) and the experimental values for the bitterns is just 5.1%. In salt works it is conventional and convenient to measure concentration according to the lithium ion which, in the form of lithium chloride, is highly soluble in bitterns [52] . The lithium concentration factor C Li refers to the final concentration of lithium in the bitterns divided by that in raw seawater. Application of the ZSR model to the compositions of various brines and bitterns reported in reference [52] gives the data points shown in Fig. 3 . It is useful to fit the following semi-empirical relation to these points:
It has been suggested [3] that a liquid desiccant should achieve ERH below 50% in order to be effective for greenhouse cooling. This corresponds to C Li ≥20 approximately, since C Li = 20 gives ERH = 48% in Eq. (16), based on Mediterranean seawater. Where salinity is lower, slightly higher values of C Li will be needed to yield the same ERH.
It is possible to use these models to assess how the presence of minor constituents, besides MgCl 2 , influences the properties of bitterns. For example, Fig. 4 shows the values for ERH (again based on the ZSR model) as progressively minor impurities are added to pure MgCl 2 solution, corresponding to the compositions of the most concentrated (L4, for which C Li = 80) and second most concentrated brine (S4, for which C Li = 59) reported in [52] . For S4 the minor constituents cause an appreciable depression in ERH, but for L4 the depression is smaller. Moreover, we have seen in Fig. 2 that concentrated bitterns with relative composition like L4 do in fact have similar ERH compared to pure MgCl 2 solutions containing equal mass fraction c T of total dissolved salts.
Note that in addition to the impurities considered in Fig. 4 , numerous ions including bromide and fluoride are also present in seawater in very small quantities. Since in total these make up less than 0.7% of the total mass of sea salt, they are reasonably neglected [61] . The calculation of average error for each model shows that of Ezrokhi to be the most accurate. The calculation of the average relative error for each model shows that the modified Ezrokhi model is the most accurate.
Conclusions and further work
The properties (vapour pressure, density and viscosity) of seawater salt solutions at concentrations of up to 37% by mass, corresponding to bitterns concentrated about 80 times (as indicated by the lithium ion: C Li = 80) relative to raw seawater, have been measured. Six models for the prediction of vapour pressure have been compared and found all to give similar agreement with experiment. Typically this agreement is within 5%. Within the limits of experimental accuracy of this study, no one model for vapour pressure is proven to be more accurate than the others. However, the Zdanovskii-Stokes-Robinson model is preferred on the grounds of simplicity. For density and viscosity, models based on Ezrokhi's work are recommended as giving respectively 1.5% and 0.4% agreement with experiment. Concise formulae and numerical coefficients presented here will enable researchers to apply these models to the design of desiccant cooling systems in which such solutions are used.
To obtain sufficiently hygroscopic solutions for this application will require bitterns to be concentrated at least 20 times relative to raw seawater (C Li ≥20) based on the Mediterranean seawater studied here, and slightly more less saline seawater. At high concentrations (C Li of approximately 80), the properties of bitterns become very similar to those of aqueous solutions of pure MgCl 2 ; therefore similar behaviour can be expected in a cooling system.
To provide additional results and improve on the accuracy of these studies, further experiments could be carried using alternative methods such as the isopiestic method, as reported elsewhere (for example, Königsberger et al. [62] ).
This study supports the conclusion of reference [3] : in principle, liquid-desiccant cooling systems using bitterns could be employed for the cooling of greenhouses in hot, humid climates. Having now studied the properties of the bitterns, we will focus future work on the sizing and detail design of system components such as the solar regenerator and the dehumidifier. Fig. 2 . Measured ERH vs. total mass fraction for bittern solutions with constant relative salt concentrations but with varying amounts of water added; together with the corresponding curve for pure magnesium chloride solution. Fig. 3 . Equilibrium relative humidity (ERH) of concentrated seawater as a function of the lithium concentration factor C Li . The point data are calculated from the ZSR model applied to the compositions reported in reference [52] . The solid line is the curve fit using Eq. (16). and L4 of reference [52] . For S4 the impurities are as follows: 0 is pure MgCl 2 , 1 is 0+ MgSO 4 , 2 is 1+ NaCl, 3 is 2+ KCl, 4 is 3+ LiCl, 5 is 4+ CaCl 2 . For L4: 0 is pure MgCl 2 , 1 is 0 + MgSO 4 , 2 is 1+ NaCl, 3 is 2+ KCl, 4 is 3+ CaCl 2 , 5 is 4+ LiCl.
